Zinc finger (ZF) 3 proteins belonging to the Zic family play important roles in animal development (1, 2) . Chordate Zic genes control the development of neural and mesodermal tissue, and ecdysozoan Zic homologues control ectodermal and mesodermal development. In vertebrates, there are five Zic genes, each of which has a common or specific function in development. The biological and clinical importance of Zic2, a member of the vertebrate Zic gene family, has been demonstrated by several studies. In humans and mice, mutations of Zic2 result in holoprosencephaly, a forebrain anomaly characterized by loss of midline structures (3, 4) . In addition, Zic2 mutant mice show various abnormalities, including spina bifida, axial/limb skeletal malformation, retinal axon mis-projection, and reduced production of neural crest cells (4) . In Xenopus, overexpression of Zic2 induces expansion of the neural crest and neuroectoderm markers, and depletion of maternal Zic2 results in a gastrulation defect (5) .
Although these facts elucidate the versatility of the Zic2 protein, its molecular function is not yet fully understood. Its nuclear localization and the altered expression status of various genes in Zic2-manipulated model animals strongly suggest that Zic2 has a critical role in gene expression, particularly in the transcriptional regulation. In fact, Zic2 overproduction causes marked activation of several promoters, including those of apolipoprotein E (apoE), SV40, adenovirus major late, HSV thymidine kinase, and Zic1 (6, 7) . An intriguing point of the transcriptional activation capacity of Zic protein is its broad range of target genes (6, 7) . This feature is consistent in vertebrate Zic1, Zic2, and Zic3. A similar capacity seems to be possessed by the urochordate Zic homologue Macho-1, because Macho-1 overproduction causes enhanced expression of a broad range of genes (8) .
In structural terms, Zic2 protein possesses two functional domains known as Zic Opa-conserved (ZOC) and ZF. The ZF domain is composed of a tandem repeat of five C2H2 ZF motifs that is very similar to those of the Gli and Glis families (1) . A crystallographic study of Gli1 has shown that it binds DNA with the last four fingers (9) , where the similarity is particularly high between Gli and Zic families. ZOC is a stretch of around 10 amino acid residues, initially found to be conserved between the mouse and fly Zic homologues. A recent molecular phylogenic study has indicated that both ZOC and ZF have been retained in several animal phyla, suggesting the importance of these domains (10) .
Previous structure-function analyses have indicated that ZF can bind to GC-rich DNA target sequences (1, 7) whereas the N-terminal region, including ZOC, plays a role in transcriptional regulation (11) . However, the function of ZF is not limited to DNA binding, because ZF has significant transcriptional ability, even in the absence of clear binding sequences (11) . In the case of ZOC, it is known that I-mfa, a repressor of myogenic basic helix-loop-helix type transcription factor, can bind to the region, including ZOC, and can inhibit the transcriptional activation by exporting the Zic2 protein from cell nuclei (11) .
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The above circumstances led us to investigate the molecular machinery that mediates transcriptional regulation by the Zic2 protein. We report here the isolation and characterization of two novel types of molecular complexes that include Zic2 protein. Our results suggest that the assemblies of these two complexes are essential for Zic2-dependent transcriptional activation. Our results also present a new role for DNA-dependent protein kinase in transcriptional regulation.
EXPERIMENTAL PROCEDURES
Cell Lines-293T cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS). For protein production, expression vectors were transfected with Lipofectamine and Plus reagent (Invitrogen). The DNA-PKcs knock-out cell line PK33S and the control PK34S line were established from the lung fibroblasts of knock-out or wild-type mice, as described previously (12) . Cells were maintained in DMEM supplemented with 10% FBS and 5 mM L-glutamine. Ku80-deficient Xrs-6 hamster cells (13) were cultured in DMEM supplemented with 10% FBS, 5 mM L-glutamine, and nonessential amino acids (Invitrogen). A40 (mouse cerebellum granule cell line) cells were maintained in F-12/DMEM 1:1 medium (Sigma) containing 10% FBS, 5 mM L-glutamine (14) .
Plasmid Construction-The single epitope-tagged Zic2 expression vectors (pcDNA3-HA-Zic2 and pCMV-FLAGZic2), pcDNA3-HA coding terminal truncated Zic2 series, and the intact Zic2 expression vector (pEFBOS-Zic2) were described previously (7) . The N-terminal double-tagged expression plasmids pCMV-F-HA-Zic2, pCMV-F-HA-RHA, and pCMV-F-HA-PARP were constructed by insertion of a full-length ORF into the EcoRI site of pCMV-F-HA-a or pCMV-F-HA-b. The cassette plasmids pCMV-F-HA-a and pCMV-F-HA-b were constructed by insertion of annealed oligonucleotide DNA fragments (5Ј-GGTACCCATACGACGT-CCCAGACTACGCTGCG-3Ј, 5Ј-GATCCGCAGCGTAGTC-TGGGACGTCGTATGGGTACC-3Ј, or 5Ј-GTACCCATAC-GACGTCCCAGACTACGCTGCG-3Ј, 5Ј-GATCCGCAGCG-TAGTCTGGGACGTCGTATGGGTAC-3Ј) between the SrfI and BamHI sites of pCMVtag2a or pCMVtag2b (Stratagene). FLAG-HA-tagged DNA-PKcs expression vector was constructed by inserting an annealed oligonucleotide DNA fragment (5Ј-ATGTACCCATACGACGTCCCAGACTACGCTGATTACA-AGGATGACGACGATAAGGCGGAGGAGGGAACCGGC-3Ј and 5Ј-GTACGGCCGGTTCCCTCCTCCGCCTTATCGTCG-TCATCCTTGTAATCAGCGTAGTCTGGGACGTCGTATG-GGTACATACGT-3Ј) between the AatII and BsiwI sites of pME-PK7 that contained an entire ORF of DNA-PKcs (a gift from Dr. Masumi Abe). pHM6-HA-Ku70, pCMV-FLAG-Ku70, and pCMV-FLAG-Ku80 were constructed by insertion of PCRcloned cDNA containing intact ORF of mouse Ku70 and Ku80 into the EcoRI site of pHM6 (Roche Applied Science) and/or pCMVtag2a. pcDNA3-HA-PARP was constructed by insertion of a PCR-cloned cDNA containing intact ORF of the mouse PARP1 into the pcDNA3HA EcoRI site. The luciferase reporter plasmid pGL4-apoE was constructed by insertion of a mouse apoE promoter (Ϫ190 to ϩ51) between the KpnI and HindIII sites of pGL4 (Promega). The wild-type RHA and its mutant expression vectors were provided by Dr. Toshihiro Nakajima.
The Escherichia coli expression plasmids pGEX-3T-Zic2, pGEX-2T-Ku70, and pGEX-2T-Ku80 were constructed by insertion of a full-length ORF into the EcoRI site of pGEX plasmid (Amersham Biosciences). pET-TBP and pET-TFIIB were constructed by insertion of a mouse full-length ORF between BamHI and XhoI sites of pET21(ϩ) (Novagen).
For baculovirus-mediated expression, pFastBac-His 6 -PARP was constructed by insertion of a full-length ORF of PARP cDNA into the NotI site of a pFastBac HTa donor plasmid. pFastBac-His 6 -GST-TEV-RHA was constructed by insertion of an EcoRI full-length ORF fragment of RHA from pcDNA3-HA-RHA and a GST ORF DNA fragment into the pFastBac-HTa plasmid.
Purification of Zic2-containing Complexes-293T cells were transfected with pcDNA3-HA-Zic2. After 24 h, cells were washed with PBS(Ϫ), including 1 mM phenylmethylsulfonyl fluoride (PMSF), and harvested by centrifugation. The cell pellet was suspended in lysis wash buffer 150 (40 mM HEPES-KOH (pH 7.8), 150 mM KCl, 10% glycerol, 0.5 mM dithiothreitol (DTT), 0.1 mM EDTA, 0.5% Nonidet P-40, 1 mM PMSF, 0.1% benzamidine HCl and protease inhibitor mixture (Roche Applied Science)) and then stored on ice for 60 min. A total cell extract was prepared after centrifugation (20,000 ϫ g for 15 min) and mixed with anti-HA antibody-conjugated agarose beads for 6 h at 4°C. Bound proteins were eluted by addition of HA peptide (100 g/ml). The protein mixture was loaded on Bio-Rex70 (Bio-Rad) (1 ml) and washed five times with the column volume of lysis wash buffer, eluted with buffer containing 0.3, 0.6, and 1.2 M KOAc, stepwise. Free HA-tagged Zic2 was eluted with 0.6 M KOAc buffer, and the majority of the Zic2-containing protein complexes was eluted with 0.3 M KOAc buffer. To concentrate it, the eluted 0.3 M fraction was dialyzed against dialysis buffer (40 mM HEPES-KOH (pH 7.8), 50 mM KCl, 10% glycerol, 0.5 mM DTT, 0.1 mM EDTA, and 0.1% Nonidet P-40), loaded onto DE52 (0.1 ml), and eluted with buffer containing 0.2 M KCl. Eluted proteins were loaded onto a HiLoad 16/60 Superdex gel filtration column (Amersham Biosciences), and samples (0.5 ml) were collected after 40 ml had been eluted.
Identification of Proteins by Mass Spectrometry-Peaks of Zic2-containing complexes were concentrated and separated by SDS-PAGE. Coomassie Brilliant Blue-stained proteins were cleaved by trypsin, and these fragments were used in the analysis by ion trap mass spectrometer, liquid chromatography/ tandem mass spectrometry system, LCQ-DECA XP (ThermoQuest). The data were analyzed by using the MASCOT search program (Matrix Science, London, UK).
In Vitro Phosphorylation Assay-We performed in vitro phosphorylation using affinity-purified protein FLAG-HAZic2 (200 ng), baculovirus recombinant RHA (100 ng), PARP (N-terminal His 6 -tagged) (100 ng), and active DNA-PK (100 units) (Promega). The proteins were mixed into the reaction buffer (final concentration: 20 mM HEPES-KOH (pH 7.8), 75 mM NaCl, 2.5% glycerol, 5 mM MgCl, 1 mM DTT, and 0.025% Nonidet P-40) containing 100 ng of pGL4-apoE plasmid, 0.2 mM ATP, and 4.6 Ci of [␥- 32 P]ATP in 14-l reaction mixture, and the reaction was started by the addition of 1 l (100 units) DNA-PK. Reaction mixtures were incubated at 30°C for 30 min, and the reactions were stopped by the addition of 6ϫ SDS sample buffer containing 10 mM EDTA. Proteins were separated on 7.5% SDS-PAGE, and the dried gel was exposed to imaging plates (Fuji) and analyzed by a PhosphorImager (BAS2500, Fuji).
Immunoblotting and Antibodies-Proteins were separated by SDS-PAGE, transferred on to polyvinylidene difluoride membranes, and detected with the following antibodies using ECL Western blotting detection reagent (Amersham Biosciences).
Anti-RHA antibody was generated in rabbits by using an E. coli recombinant C-terminal His 6 Coimmunoprecipitation Assay-Transfected cells were washed and harvested in PBS(Ϫ) containing 1 mM PMSF, and total cell extracts were prepared with lysis wash buffer 150 (20 mM HEPES-KOH (pH 7.8), 10% glycerol, 150 mM NaCl, 0.5 mM DTT, 0.1 mM EDTA, 0.5% Nonidet P-40, and 1 mM PMSF). The extracts were incubated with 5 l of anti-HA or anti-FLAG affinity beads at 4°C for 6 h. E10.5 mouse whole embryo and adult mouse cerebellum protein extracts were prepared by homogenization in the buffer. After centrifugation of the samples, the proteins in the supernatants were quantified, and 0.5 ml of diluted 0.5 mg/ml extracts were used for this assay. The protein extracts were mixed at 4°C for 6 h with 5 l of anti-Zic2 serum or preimmune serum, together with 5 l of protein A affinity beads, and analyzed by Western blotting using specific antibodies.
For preparation of de-phosphorylated Zic2 protein, HA-Zic2 was first produced in 293T cells by transfection and was then immobilized on beads by incubating the cell lysate with anti-HA affinity beads. The beads were washed with lysis wash buffer containing 500 mM NaCl and then incubated for 30 min at 37°C with 20 units of active or inactivated CIP (heat-treated at 65°C for 40 min with 1 mM EDTA). Beads were washed with high salt buffer (the buffer containing 500 mM NaCl) two times and then used in this binding assay. For immunoprecipitation, recombinant RHA, PARP, and purified DNA-PK (50 ng each)
were mixed with the beads in lysis wash buffer containing 0.1 mg/ml bovine serum albumin.
GST Pulldown Assay-FLAG-HA-Zic2 and Zic2-interacting proteins (FLAG-HA-DNA-PKcs, FLAG-HA-RHA, FLAG-HA-PARP, and HA-Ku70/FLAG-Ku80 dimer) were overproduced in 293T cells by transfection of double-tagged expression plasmids or cotransfection of FLAG-and HA-tagged protein expression plasmids. Cells on 2-1-cm dishes were harvested and lysed in 4 ml of lysis wash buffer 300 (20 mM HEPES-KOH (pH 7.8), 10% glycerol, 300 mM NaCl, 0.5 mM DTT, 0.1 mM EDTA, 0.5% Nonidet P-40, and 1 mM PMSF), and total cell extracts were incubated with anti-HA affinity beads (Sigma), 40 l at 4°C for 6 h. These beads were washed three times, and the bound proteins were eluted with 0.8 l of the lysis wash buffer 300 containing 100 g/ml HA peptide. Eluted proteins were incubated with anti-FLAG M2 affinity beads (Sigma), 10 l for 12 h, and after the beads had been washed three times, the bound proteins were eluted with 0.1 ml of FLAG peptide (100 g/ml). Any free peptides were eliminated by use of a centrifugal filter (Microcon YM-50; Millipore), and purified proteins were used for GST pulldown assays.
Glutathione S-transferase (GST) fusion proteins GST-Ku70 and GST-Ku80 were produced in E. coli (BL21) and purified with glutathione-Sepharose beads, as described (15) . GST-Zic2 was additionally purified by heparin-Sepharose chromatography with a NaCl gradient. C-terminal His 6 -tagged proteins TBPch6 and TFIIBch6 were overproduced in E. coli BL21(DE3) strain by 0.5 mM isopropyl 1-thio-␤-D-galactopyranoside induction with an A 600 of 0.4 at 37°C (in LB media containing 200 g/ml ampicillin). Harvested cells were disrupted in the buffer (40 mM HEPES-KOH (pH 7.8), 500 mM NaCl, 10% glycerol, 10 mM ␤-mercaptoethanol, 0.5% Nonidet P-40, and 0.1 mM PMSF) containing 0.5 mg/ml lysozyme. After sonication, the extracts were centrifuged and loaded onto nickel-nitrilotriacetic acid (Ni-NTA)-agarose column (Qiagen). The column was washed with the buffer containing 1% Nonidet P-40, and protein was eluted by the buffer containing 300 mM imidazole. After dialysis against dialysis buffer (20 mM HEPES-KOH (pH 7.8), 50 mM NaCl, 10% glycerol, 0.5 mM DTT, and 0.1 mM EDTA), samples were loaded onto a heparin CL6B column, and proteins were eluted with the buffer containing 400 -600 mM NaCl.
GST and GST fusion proteins immobilized on glutathioneSepharose beads were incubated together with the purified proteins for 2 h at 4°C in binding buffer containing 0.1 mg/ml bovine serum albumin. Interacting proteins were eluted with 1ϫ SDS sample buffer and detected by Western blotting analysis using anti-HA (3F10) antibody.
Immunofluorescence Staining-PK34S and PK33S cell lines were transfected with pcDNA3-HA-Zic2 alone or together with pCMV-FLAG-Ku70 or pCMV-FLAG-Ku80. After 24 h, the cells were used for the immunofluorescence staining and analyzed by laser scanning confocal microscopy as described (11) .
Preparation of Baculovirus Recombinant Proteins-A Bacto-Bac baculovirus expression system (Invitrogen) was used for producing recombinant PARP and RHA proteins. Recombinant bacmids were generated by transformation of E. coli strain DH10bac by pFastBac-His 6 -PARP and pFastBac-His 6 -GST-TEV-RHA. Recombinant bacmid DNA was transfected to Sf9 insect cells, and the viruses generated were used for protein production. Two hundred milliliters of infected culture kept for three overnights was washed with PBS(Ϫ) containing 1 mM PMSF and harvested; the cells were then disrupted in lysis buffer (20 mM HEPES-KOH (pH 7.8), 10% glycerol, 150 mM NaCl, 10 mM ␤-mercaptoethanol, 0.5% Nonidet P-40, and 1 mM PMSF). His 6 -PARP was bound to Ni-NTA-agarose beads (20 l) in 1.5-ml microtubes and washed three times with 0.5 ml of lysis buffer containing 20 mM imidazole and 500 mM NaCl. The proteins were eluted with buffer containing 200 mM imidazole and dialyzed against dialysis buffer A (20 mM HEPES-KOH (pH 7.8), 10% glycerol, 50 mM NaCl, 0.5 mM DTT, 0.1 mM EDTA, and 0.1% Nonidet P-40) for use in the in vitro assay. GST-His 6 -RHA protein was bound to glutathione-Sepharose beads (20 l). After the beads had been washed with buffer containing 300 mM NaCl, the protein was eluted with buffer containing 10 M reduced glutathione. Purified protein was dialyzed against 50 mM Tris-HCl (pH 8.0) and 5 mM EDTA and then digested by addition of an enhanced form of tobacco etch virus protease (Invitrogen) and 1 mM DTT (final concentration). After dialysis of the sample against dialysis buffer B (20 mM HEPES-KOH (pH 7.8), 10% glycerol, 50 mM NaCl, 10 mM DTT, 10 mM ␤-mercaptoethanol, and 0.1% Nonidet P-40), the digested GST protein and an enhanced form of tobacco etch virus protease were removed by using Ni-NTA-agarose beads and glutathioneSepharose beads.
Gel Shift Assay-A promoter containing the DNA fragment was prepared by PCR amplification of the apoE promoter region Ϫ78 to ϩ40 by using the IRD700 (LI-COR) end-labeled primers 5Ј-IRD700-GCACAGCCCGCCCTAGCCCTGAGG-3Ј, 5Ј-IRD700-GCTCCTTCCGAAACAAGTCCTTAGCC-3Ј, and pGL4-apoE as a template. Protein-DNA complexes (100 fmol of DNA, 100 ng of F-HA-Zic2, and 100 ng of RHA for one reaction) were formed as described (15) and analyzed using 4% polyacrylamide gel and an infrared imaging system (LI-COR, Odyssey).
Luciferase Reporter Assay-Luciferase reporter assays were performed as described previously (7) . Luciferase reporter plasmid pGL4 or pGL4-apoE (200 ng) was cotransfected with pEFBOS or pEFBOS-Zic2 (800 ng) and pEF-LacZ (200 ng). For the analysis in Fig. 7B, pcDNA3 -HA or pcDNA-HA-PARP (200 ng) was also cotransfected using Lipofectamine (Invitrogen). Luciferase activity was measured according to the manufacturer's recommendations (Promega) using a luminometer, Minilumat LB 9506 (Berthold).
Chromatin Immunoprecipitation (ChIP)-PCR Assay-We performed the ChIP-PCR assay as described (16) . A40 cell extracts, rabbit polyclonal antibodies against Zic2 and the components of the complexes, and normal rabbit serum were used for the immunoprecipitation. The precipitates were subjected for the PCR analysis using specific primers for apoE 5Ј upstream sequence (5Ј-AGGCTCTGTGGGCC-GTGCTGTTGG-3Ј and 5Ј-TGGCCCGTGTCTCCTCCGC-CACTG-3Ј) (6) and control glyceraldehyde-3-phosphate dehydrogenase primers (5Ј-CCGGTGCTGAGTATGTCG-TGGAGTCTAC-3Ј and 5Ј-CTTTCCAGAGGGGCCATCC-ACAGTCTTC-3Ј) (17) .
RESULTS
To identify the essential functions of Zic2 protein, we purified Zic2-containing molecular complexes. N-terminal HA (hemagglutinin antigen)-tagged Zic2 expression vector was transfected into 293T cells. HA-Zic2 protein and interacting proteins were affinity-purified by anti-HA antibody immobilized beads. Bound proteins were eluted with HA peptide (Fig.  1, A and B) , fractionated on Bio-Rex70, and concentrated by DE52 columns (Fig. 1A) . The purified protein complexes were subjected to gel filtration analysis. Two high molecular weight complexes were separated by the gel filtration. One (complex I) had a molecular weight of more than 700,000 and the other (complex II) was between 232,000 and 440,000 (Fig. 1C) . The components of complex I and complex II were identified by mass spectrometric analysis. Complex I contained a DNAPKcs, poly(ADP-ribose) polymerase (PARP), Ku80, and Ku70, whereas RNA helicase A (RHA), Ku80, and Ku70 were identified in complex II (Fig. 1D ). The components in each fraction were confirmed by Western blotting (Fig. 1E) .
To confirm the existence of complex I and complex II in vivo, we carried out an immunoprecipitation assay using anti-Zic2 antibody. DNA-PKcs, RHA, PARP, Ku80, and Ku70 were coprecipitated with Zic2 from both E10.5 mouse whole embryo and adult cerebellum tissue lysates (Fig. 1, F and G) . These results suggest that Zic2 is contained in complex I and complex II in vivo.
DNA-PKcs, Ku70, and Ku80 (Ku86) are known as subunits of a serine-threonine kinase, DNA-PK, which plays essential roles in V(D)J recombination, repair of DNA double-stranded breaks, and transcriptional regulation (18 -23) . PARP is a nuclear protein that catalyzes polymerization of the ADP-ribose unit to the target proteins. Recent studies have shown that PARP controls chromatin structure and association of transcriptional regulatory factors in a catalytic activity-dependent or -independent manner (24 -29) . RHA is an ATPase/doublestranded DNA and RNA helicase protein. RHA interacts with both CREB-binding protein and RNA polymerase II (pol II) to mediate this assembly, and it stimulates transcriptional activation (30) . These facts prompted us to proceed further with the characterization of complex I and complex II. . E, three fractions were analyzed by Western blotting using antibodies against the proteins indicated. F and G, immunoprecipitation (IP) assay using anti-Zic2 antiserum or its control (preimmune serum), and tissue lysates prepared from E10.5 mouse whole embryos (F) and adult cerebellum (G). Input lanes contain 5 g (5%) of tissue lysates subjected to immunoprecipitation. DNA-PKcs, RHA, PARP, Ku70, and Ku80 were analyzed by Western blotting.
We first performed an in vitro GST pulldown assay to examine the direct interactions between Zic2 and Zic2-associating proteins. Previous studies had shown protein-protein interactions between DNA-PKcs and PARP, Ku70/80 dimer, and RHA (31) (32) (33) (34) . GST-Zic2 fusion protein and control GST ( Fig. 2A) were mixed with purified FLAG-and HA double-tagged (F-HA)-DNA-PKcs, F-HA-RHA, and F-HA-PARP or a dimer of HA-Ku70/F-Ku80 (Fig. 2B) . DNA-PKcs, the Ku70/80 dimer, PARP, and RHA were co-pulled down with GST-Zic2 but not with GST (Fig. 2C) . To further confirm the association between Zic2 and the Ku70/80 dimer, GST-Ku70 and GST-Ku80 were assayed with F-HA-Zic2 (Fig. 2, A and D) . F-HA-Zic2 was pulled down with both GST-Ku70 and GST-Ku80. It was surprising that all Zic2-associating proteins directly interact with the Zic2 protein. We confirmed the absence of interaction with other nuclear proteins TBP and TFIIB by the same pulldown assay (Fig. 2E, right) . These results indicated that all of the protein components in complex I and complex II were capable of binding Zic2.
We next examined the complex I and complex II component-binding domains in Zic2 by the coimmunoprecipitation assay. We transfected 293T cells with expression vectors for Zic2 and a truncated Zic2 mutant with an N-terminal HA tag (11) (Fig. 3A) . Endogenous proteins were coimmunoprecipitated with the Zic2 mutants and analyzed using SDS-PAGE followed by Western blotting. Although all components were coimmunoprecipitated with full-length Zic2 and the mutants 1-485, 1-419, 1-393, 1-363, 102-531, and 141-531 (Fig. 3B,  lanes 1-6, 9 , and 10), Zic2 mutants 1-333 and 1-255 failed to coimmunoprecipitate RHA, PARP, Ku70, and Ku80 (Fig. 3B,  lanes 7 and 8) . The results revealed that RHA, PARP, Ku70, and Ku80 required ZF3 of the Zic2 protein (Fig. 3A) . Collectively, these results indicate that there are two binding domains in Zic2 as follows: the 141-255 domain for DNA-PKcs binding and the ZF3 domain for RHA, PARP, Ku70, and Ku80. These binding sites may be involved in complex I and complex II formation.
Our next question was how the two complexes were formed and regulated. To address this point, we performed immunoprecipitation assays using DNA-PKcs or Ku80 knock-out cell lines. The PK33S cell line lacks the DNA-PKcs gene (Fig. 4A) . The PK33S cell line and the wild-type control cell line PK34S were transfected with HA-Zic2 expression vector, and proteins coprecipitated with anti-HA antibody-immobilizing beads were analyzed by Western blotting. Although the Ku70/80 dimer was coprecipitated in both cell lines, the RHA and PARP proteins were not detected in immunoprecipitates from DNAPKcs-deficient cells (Fig. 4A, lanes 6 and 8) . These results indicate that DNA-PKcs is required for association of both RHA and PARP in Zic2-including complexes. On the other hand, in Ku80-deficient Xrs-6 cells, RHA and PARP were coprecipitated with Zic2, whereas Ku70 was not (Fig. 4B, lane 8) . The absence of Ku70 may reflect the fact that heterodimerization of Ku70/80 is necessary for their nuclear localization (35) . Although the association between Zic2 and the Ku70/80 dimer may stabilize the formation of complex I, it is not essential for binding to Zic2 (Fig. 4B, lane 8) . Taking into account the fact that DNA-PKcs per se could bind to the Ku70/80 dimer, we considered that FIGURE 2. A, GST fusion proteins GST-Zic2, GST-Ku70, and GST-Ku80 were produced in E. coli BL21 and purified using glutathione-Sepharose beads. CBB, Coomassie Brilliant Blue. B, FLAG-and/or HA-tagged proteins, F-HA-Zic2, HA-Ku70, F-Ku80, F-HA-DNA-PKcs, F-HA-PARP, and F-HA-RHA were produced in 293T cells and affinity-purified by anti-FLAG and anti-HA antibody-conjugated beads. C, GST pulldown assay between GST-Zic2 and F-HA-Zic2, HA-Ku70/F-Ku80, F-HA-DNA-PKcs, F-HA-PARP, or F-HA-RHA. Coprecipitated proteins were separated by SDS-PAGE and detected by Western blotting analysis; 10% of the input (binding mixture) and the precipitates using GST are shown as references. D, direct interactions between F-HA-Zic2 and GSTKu70 or GST-Ku80. Zic2 could bind directly with all the proteins that we identified in complex I and complex II. E, purified proteins TBPch 6 and TFIIBch 6 (left). Other nuclear proteins TBP and TFIIB do not interact directly with Zic2 protein (right).
Zic2, DNA-PKcs, and Ku70/80 form a trimeric complex based on the interactions among the three proteins.
We performed immunofluorescence staining to clarify the subnuclear distributions of Zic2 and Zic2-interacting proteins in vivo. Cells were transfected with expression vectors for HAtagged Zic2 and then doubly stained with anti-HA antibody and several specific antibodies. In the case of Ku70 and Ku80, FLAG-tagged expression vectors were cotransfected with HAZic2 expression vector. Zic2 was distributed mostly in the cell nuclei (Fig. 5, indicated in red) . In the nuclei, Zic2 was colocalized with K9-acetylated histone H3, which represented the active state chromatin (Fig. 5, panels a1-8 ), but its distribution did not overlap with that of K9-dimethylated histone H3, which is believed to repress transcription by compacting chromatin (Fig. 5, panels b1-8) . The subnuclear distribution of Zic2 overlapped with that of DNA-PKcs (Fig. 5, panels g2-4) . We also examined the subnuclear distributions of the other Zic2-associated proteins, namely PARP, RHA, Ku70, and Ku80, in PK34S wild-type cells and PK33S DNA-PKcs-deficient cells. PARP and RHA were localized mostly in the nucleus and slightly in the cytoplasm of the cells of both lines (Fig. 5, panels c2 and 6 , and panels d2 and 6). In PK34S cells their nuclear localization overlapped to a large degree with that of Zic2 protein (Fig. 5 , panels c4 and d4). However, colocalization with Zic2 was not detected in PK33S DNA-PKcs-deficient cells (Fig. 5 , panels c8 and d8). Ku70 and Ku80 were located mainly in the nucleus (Fig. 5 , panels e3 and 7 and f3 and 7), and their subnuclear distributions coincided well not only in PK34S cells but also in PK33S cells (Fig. 5, panels e4 and 8 and panels f4 and 8) . These results confirmed the essential function of DNA-PKcs in the assembly of PARP and RHA proteins with Zic2 protein.
DNA-PKcs is involved in complex I, interacting directly with Zic2, and is required for the binding of PARP and RHA to Zic2 (Figs. 1, 4 , and 5). PARP and RHA have been identified as substrates of DNA-PKcs (34, 36) . Is phosphorylation of Zic2, PARP, or RHA involved in the formation of Zic2-containing molecular complexes? To answer this question, we performed in vitro phosphorylation assays using purified FLAG-HAtagged Zic2 (Fig. 2B) , PARP, and RHA proteins produced in insect cells (Fig. 6A ). Proteins were incubated with DNA-PK together with [␥-32 P]ATP and supercoiled plasmid DNA, which contained the Zic2 binding target sequence of the apoE promoter. Zic2 was slightly phosphorylated by DNA-PK, but the extent of the phosphorylation was greatly increased by the addition of PARP (Fig. 6B, lanes 6 and 7) . PARP was also slightly phosphorylated by DNA-PK irrespective of the presence of Zic2 (Fig. 6B, lanes 5-7) , but no phosphorylation of RHA was detected (Fig. 6B, lanes 2 and 4) . The phosphorylations of Zic2 and PARP were DNA-dependent (Fig. 6B, lane 8) , being consistent with the enzymatic activity of DNA-PK. These results suggest that the main target of DNA-PK is Zic2 and that PARP is required to increase phosphorylation efficiency. In agree- ment with our results, a previous study showed that the protein kinase activity of DNA-PK can be stimulated by PARP (36) .
Because DNA-PKcs is essential for the assembly of PARP and RHA proteins (Figs. 1, 4 , and 5), we speculated that phosphorylation of Zic2 might affect the binding of PARP and RHA to Zic2. To test this possibility, we next examined whether Zic2 phosphorylation was required for the assembly of DNA-PK, PARP, and RHA. A co-pulldown assay was performed using Zic2 immobilized beads that were prepared by incubating a HA-Zic2-containing cell extract with anti-HA antibody-conjugated beads. The beads were treated with CIP or inactivated CIP. After being washed, purified RHA, PARP, and DNA-PK proteins were incubated with both types of Zic2 beads, and the bound and unbound proteins were analyzed by Western blotting (Fig. 6C) . Although inactivated CIP treatment did not affect the interaction between Zic2 and RHA (Fig. 6C, left third  panel from top, lane 3) , dephosphorylation by active CIP reduced the interaction (Fig. 6C, left third panel from top, lane  4, right graph) . In contrast, PARP and DNA-PK binding was not affected by active CIP treatment (Fig. 6C , left DNA-PK, upper panel, lanes 3 and 4; PARP, fifth panel from top, lanes 3 and 4) . CIP treatment of highly purified F-HA-Zic2 resulted in the disappearance of a band with slow mobility (Fig. 6D) , suggesting that a fraction of Zic2 was actually phosphorylated in vivo. We subsequently performed a gel shift assay using intact or dephosphorylated F-HA-Zic2 with the apoE promoter DNA fragment in the presence or absence of purified RHA. The DNA-Zic2 complex was partly supershifted by the presence of RHA. The supershifted band was not detected when we used dephosphorylated Zic2 instead of intact Zic2 (Fig. 6E, lanes 4 and 6) . This suggests that transformation of the Zic2-containing complexes, complex I and complex II, is regulated by the kinase activity of DNA-PK on Zic2.
We next investigated the functional significance of complex I and complex II in transcriptional regulation by Zic2. Both wildtype PK34S cells and DNA-PKcs-deficient PK33S cells were transfected with apoE promoter-luciferase reporter plasmid and Zic2 expression plasmid, and the luciferase activities were measured. Although the apoE promoter was activated by Zic2 in PK34S cells more than 3-fold (Fig. 7A) , activation was reduced in PK33S cells.
Gain-of-function of PARP was also tested in Zic2-dependent transcriptional regulation. PK34S cells were transfected with apoE promoter-luciferase reporter and Zic2 and PARP expression vectors. PARP was increased Zic2-dependent transcriptional activation to a level about 1.5 times greater than empty vector (Fig. 7B) .
To confirm the coexistence of the Zic2 and Zic2-associating proteins in the transcriptional regulation, we next analyzed gene-specific association of them on the Zic2-controlling promoter by the ChIP-PCR method. ApoE 5Ј Zic2 binding region (6) was coimmunoprecipitated not only with anti-Zic2 antibody but also with anti-DNA-PKcs, anti-Ku70, anti-Ku80, anti-RHA, and anti-PARP (Fig. 7C) . Therefore, Zic2 and Zic2-associating proteins may act together on the specific target genes.
RHA has been identified as a component of the pol II-holo complex and regulates cAMP-response element-binding protein (CREB)-dependent transcription through recruitment of P]ATP and DNA-PK in the presence or absence of supercoiled DNA (DNA). The combinations of the incubated proteins and DNA are indicated above the panel. The reaction mixture was electrophoresed, and the phosphorylated protein was detected by a PhosphorImager. The positions of phosphorylated Zic2 and PARP are indicated by arrowheads. C, coimmunoprecipitation assay was carried out using HA-Zic2 and dephosphorylated HA-Zic2. HA-Zic2 produced in 293T cells was treated with CIP and inactivated CIP before the binding assay. Western blotting of immunoprecipitates is indicated with the antibodies used. Immunoprecipitation was carried out with anti-HA affinity beads. Control indicates the experiment carried out with empty vectors instead of HA-Zic2 expression vector at transfection. Binding between Zic2 and RHA was decreased by CIP treatment, whereas that between Zic2 and PARP was not (left). Graph shows the binding efficiency of de-phosphorylated Zic2 protein (right). The averages and standard errors of the means for three independent experiments are shown. D, highly purified F-HA-Zic2 and CIP-treated dephosphorylated F-HAZic2 are indicated by arrows. E, interaction between Zic2 and RHA was analyzed by gel shift assay using an IRD700-labeled apoE promoter DNA fragment, recombinant RHA, purified F-HA-Zic2, and dephosphorylated form of F-HA-Zic2.
pol II (30, 37) . In complex II, RHA may act as a transcription coactivator for recruitment of pol II and activate the transcription recycling of Zic2 target genes. To verify this idea, we examined the presence of pol II in Zic2-RHA complexes prepared by transfecting FLAG-Zic2 and/or HA-RHA expression vectors. The largest subunit of pol II was detected in the FLAG-Zic2 transfectant cell extract by immunoprecipitation using anti-FLAG (Fig. 7D, lane 7) . Coexpression of FLAG-Zic2 and HA-RHA resulted in an increased amount of coimmunoprecipitated pol II (Fig. 7D, lane 8) . However, coexpression of an RHA point mutant, HA-rhaW339A, which lacked the ability to bind pol II (Fig. 7D, lane 9) with FLAG-Zic2, failed to increase the amount of pol II precipitated. By contrast, HA-rhaK417R, an RHA mutant lacking ATP-binding ability, increased the amount of coimmunoprecipitated pol II, to a level comparable with that in wild-type RHA coexpression (Fig. 7D, lane 10) . General transcription factors TBP and TFIIB were also detected in the precipitates (Fig. 7D, lanes 7-10) , because both factors are associated directly or indirectly with RHA (38) but not associated with Zic2 protein (Fig. 2E) . The amounts of coimmunoprecipitated TBP were not affected by overproduction of RHA or in the two mutants (Fig. 7D, lanes 7-10) . In contrast, we detected increased amounts of coimmunoprecipitated TFIIB by overproduction of RHA and also in the two mutants (Fig. 7D, lanes 8 -10) . This suggests that there is a functional relationship between RHA and TFIIB in interacting with pol II in Zic2-dependent transcriptional regulation. These results indicate that pol II is recruited to complex II through protein-protein interaction with RHA, and that the ATP-dependent helicase activity of RHA is not essential for this recruitment. Therefore, the essential function of RHA is tightly associated with pol II recruitment and recycling, but this function may not be required in the early stages of initiation-complex formation.
DISCUSSION
We have reported here two novel Zic2-containing molecular complexes that are composed of DNA-PKcs, Ku70/80 dimer, and PARP (complex I) or RHA, and Ku70/80 dimer (complex II). All protein components directly interact with Zic2 protein.
The third ZF motif of Zic2 protein is essential for association with the Ku70/80 dimer, PARP, and RHA. DNA-PKcs can phosphorylate Zic2 and is important for interaction as well as subnuclear colocalization between Zic2 and RHA. Zic2 phosphorylation by DNA-PK is required for transformation from complex I to complex II (Fig. 8) . The transcriptional activation of Zic2 also depends on DNA-PK and PARP in vivo.
DNA-PKcs is a large protein (ϳ460 kDa) that belongs to the ataxia telangiectasia-mutated protein family of serine/threonine protein kinases. The functions of DNA-PK have been well investigated in the DNA repair pathway against double strand DNA breaks (39) . Previous studies have revealed that besides its role in nonhomologous end-joining, DNA-PKcs phosphorylates a number of transcription factors and chromatin-associated proteins, such as p53, Oct-1, Pdx-1, histoneH1, TBP, TFIIB, and pol II, in vitro (22, 40 -48) .
Our study and previous ones have revealed that components of complex I or complex II, Zic2, RHA, PARP, Ku70, and DNAPKcs, can themselves be substrates for DNA-PK-dependent phosphorylation. However, at this stage of the analysis Zic2 has particularly attracted our attention because its phosphorylation promotes binding to RHA, and Zic2 and RHA are differentially distributed in DNA-PKcs-deficient cells. This latter finding of ours is supported by a previous finding that silencing of DNA-PKcs by small interfering RNA leads to changes in the subnuclear distribution of RHA (34) . The same researchers found that DNA-PKcs and Ku70/80 dimer are copurified with RHA protein. Although we did not detect a Zic2-containing molecular complex that included both DNA-PKcs and RHA, this interaction supports the idea that dissociation of DNAPKcs/PARP and association of RHA simultaneously occur in the conversion from complex I to complex II. On the basis of the above facts, we can speculate that DNA-PKcs has a key role in the transition from complex I to complex II (Fig. 8) .
Complex I includes PARP. PARP catalyzes poly(ADP-ribosylation), which plays diverse roles in many molecular and cellular processes, including DNA damage detection and repair, chromatin modification, and transcription (49) . A number of chromatin-associated proteins have been identified as targets of poly(ADP-ribosylation) by PARP family proteins (50, 51) . The enzymatic activity of PARP regulates core histone, transduction-like enhancer corepressor switching, and CCCTCbinding factor, a chromatin insulation protein-dependent chromatin insulation (27, 29) . As a component of complex I, PARP associates with Ku70/80 in mammalian cells, and the PARP and Ku proteins synergistically bind to the nuclear matrix attachment region in the genomic sequences (52). Considering the chromatin association of the Ku70 -80-PARP complex, modification of the chromatin structure is noted as a possible role of PARP in complex I. Our finding that Zic2 is localized with active chromatin raises the possibility that Zic2 actively participates in chromatin remodeling processes. However, its effect on the chromatin state is not clear from the results of our immunofluorescence staining of Zic2-overexpressing cells.
Instead, the role of PARP in complex I shown in this study was the stimulation of DNA-PK enzymatic activity in Zic2 phosphorylation. Previous studies have also shown that PARP associates with DNA-PK and stimulates kinase activity (36, 53) , and conversely, DNA-PK suppresses PARP enzymatic activity by phosphorylation (53, 54) . These facts seem to be in agreement with the situation in complex I, where Zic2 was phosphorylated by DNA-PK in the presence of PARP. Interestingly, although PARP can directly interact with Zic2 in the binding assay using the purified proteins, it was not coprecipitated with Zic2 in the DNA-PKcs-deficient cells. This suggests that Zic2-PARP interaction is stabilized by PARP-DNA-PKcs interaction in vivo. Besides its effects on DNA-PKcs, the enzymatic activity of PARP itself could have a role in the complex I. However, we failed to identify poly(ADP-ribose) modification of Zic2 by Western blotting using anti-poly(ADP-ribose) antibodies, although we found auto-modification of PARP protein (data not shown).
RHA is a nuclear ATP-dependent helicase that unwinds both DNA and RNA (55) . A transcriptional role for RHA in mammalian cells has been indicated by its bridging activity between CREB-binding protein and pol II, and RHA has been characterized as a transcriptional coactivator in CREB-dependent transcription (30, 56) . RHA interacts with other nuclear factors, NF-B and BRCA1 (breast cancer gene 1, a breast-and ovarianspecific tumor suppressor 1), directly and also interacts with TBP and TFIIB directly or indirectly (38, 57, 58) . In addition to the role of RHA in the binding to pol II, an ATP-dependent process independently acts in Zic2-dependent transcriptional regulation process. Possibly, RHA recruits pol II on the core promoter, and ATPase/helicase activity enhances the initiation or promoter clearance of the pol II. In complex II, the former mechanism is supported by the fact that pol II was present in the Zic2 coprecipitates, and the amount of pol II was reduced by the presence of an RHA mutant lacking pol II binding activity (Fig. 7) . The presence of DNA-Zic2-RHA is also in agreement with this mechanism. Thus, RHA may be involved in Zic2-dependent transactivation as a coactivator that bridges Zic2 protein, pol II, and general transcription factors.
Although this study has revealed the details of Zic2-containing molecular complexes, our preliminary results indicate that Zic2-associated proteins can physically interact with Zic1 and Zic3 (data not shown). It is likely that the same molecular machineries are utilized in vertebrate Zic1 and Zic3, which show similar DNA-binding properties (7), transcription-activating capacities (2, 5, 7) , and tissue differentiation-inducing abilities (5) . Recent studies have shown that other members of the vertebrate Zic family (Zic4 and Zic5, which share highly conserved zinc finger domains) have different transcriptional activation and tissue differentiation-inducing abilities (15, 59) . The similarities and differences between the Zic-binding proteins, including any similarities to the components of Zic2 Complexes I and II, await further investigation.
We found it surprising that DNA-PKcs, Ku70/80, PARP, and RHA were identified in the Zic2-containing molecular complexes, because in the past these proteins have come to the notice of researchers mainly as components of DNA repair systems. However, recent studies are shedding new light on their roles in the normal course of development. Both Ku80 and Ku70 mutants show reduced body size in mice, and fibroblasts derived from Ku80-deficient mice show early loss of proliferation (60) . Ku80/PARP compound-mutant mice demonstrate a developmental defect that occurs as early as E6.5 (the time of onset of gastrulation) but later than E3.5 (the preimplantation stage), indicating the essential roles of these proteins in early embryonic development (61) . In addition, analysis of RHA knock-out mice indicates the essential role of RHA in embryonic ectoderm differentiation around the time of gastrulation (62) . These roles in early embryonic development seem to partly overlap with those of the Zic family genes. Zic1, Zic2, Zic3, and Zic5 mutant mice show regional hypoplasia of the central nervous system or the neural crest generating tissues (63) (64) (65) . Collectively, the contact points between Zic family genes and Ku70/80, RHA, and PARP in a developmental context may be important enough for further evaluation. In the case of DNA-PKcs, its role in the early stage of mammalian development has not been suggested by its knock-out mice phenotypes. However, considering the presence of the structurally related phosphatidylinositol 3-kinase gene that acts so early in mammalian development, it may not be appropriate to discuss it in the current context.
